We demonstrate all-optical wavelength conversion in As2S3 chalcogenide glass rib waveguides, with 6ps pulses over a 10nm wavelength range near 1550nm. Frequency resolved optical gating (FROG) measurements show good converted pulse integrity in amplitude and phase in the frequency and time domains.
Introduction
All-optical signal processing is critical for ultra-high bit rate communications systems since current electronic processing speeds are approaching fundamental limits near 40Gb/s. However, challenges still remain to improve device performance for practical applications. These include reducing footprint size, fibre length, required optical power levels and device performance in terms of nonlinear transfer curve.
Chalcogenide glass offers many advantages as a platform both for fiber and integrated all optical devices, such as its large Kerr nonlinearity (up to 1000 x silica glass) very low two-photon absorption, photosensitivity to visible light, and an intrinsic response time << 100fs. Significant progress has been made in the past few years in all-optical integrated circuits based on chalcogenide glass, beginning with initial reports of significant self-phase modulation in chalcogenide waveguides [1] , followed by our recent reports [2] [3] [4] of a 2R all optical regenerator based on a chalcogenide glass rib waveguide integrated with a Bragg grating filter.
In this paper we report all-optical wavelength conversion in chalcogenide glass rib waveguides via crossphase modulation (XPM). Although this technique has been reported both in Bi2O3 [5] and As2S3 [6] fibre, this paper represents the first report of wavelength conversion in chalcogenide waveguides, to our knowledge. We achieve wavelength conversion in a 5cm long As2S3 glass rib waveguide over a 10nm wavelength range near 1550nm with 6ps optical pulses. We also present frequency resolved optical gating (FROG) measurements showing that both the temporal and phase integrity of the pulse is maintained.
These results represent a significant step in the quest for complex all-optical photonic integrated circuits for ultra-high bandwidth telecommunications.
Principle of Operation
The principle of operation of the device is shown in Figure 1 . A pulsed pump source, potentially containing digital data, is directed though the nonlinear medium along with a CW probe beam near the desired output wavelength. The pump beam induces a transient chirp on the probe beam via cross phase modulation through the Kerr nonlinearity. This broadens the probe spectra generating sidebands, and when a single sideband is selected using an optical filter, the output signal is modulated in time similarly to the pump pulse.
Experiment
Fabrication details are presented elsewhere [7] . Briefly, the device consisted of a As2S3 chalcogenide glass rib waveguide made by reactive ion etching a 2.5µm thick As2S3 film deposited via pulsed laser deposition (onto a silica-on-silicon substrate). Typical rib widths and heights were 3µm and 1.5µm, respectively. The devices were then over-coated with silica and cleaved into 5cm lengths. Typical propagation losses were 0.2dB/cm with coupling losses to high NA fiber being 1.5 to 2 dB/facet.
The experimental setup is shown in Figure 2 . Pulses from a passively modelocked 0-7803-9790-8/06/$20.00 ©2006 IEEE were passed through the waveguide sample after being amplified and passed through a polarization controller to ensure that the polarization state of the pump and probe were aligned. Peak powers of up to 140W were available. The pulses were then combined with a CW probe from a wavelength tunable amplified laser diode using a 50-50 coupler, and then coupled into the waveguide via standard SMF fiber with a short (5mm) high NA fiber segment (4µm MFD) spliced on the end to improve coupling losses. As mentioned above, the pump pulses impose a phase modulation on the CW carrier via cross phase modulation (XPM) in the chalcogenide glass rib waveguide via the Kerr nonlinearity, generating sidebands on the CW probe. These sidebands were converted to amplitude modulation by spectrally filtering out the pump and CW probe by directing the output of the As2S3 waveguide through a sharp 0.56 nm (3 dB) tunable bandpass filter offset from the CW probe by 0.55-0.69 nm. The signal was then further filtered by a 200pm wide, fiber Bragg grating (FBG) to eliminate any residual CW carrier and then directed to either an optical sampling oscilloscope (30GHz bandwidth) with a 1.3 nm (3 dB) TBF to remove any out of band ASE, a Frequency Resolved Optical Gating (FROG) apparatus for both temporal and phase measurements, or an optical spectrum analyzer. Peak pump power levels incident on the sample were kept below 20W, corresponding to 300MW/cm 2 , which is much less than the photo-darkening damage threshold for this material. Figure 3 shows the spectra of the unfiltered output signal containing both the pump (2nm wide signal at 1550nm) and CW probes set to three different wavelengths (1555nm, 1560nm and 1565nm). The sidebands on each probe are clearly visible. Note that the strength of the sidebands are proportionately reduced because of the low duty cycle (5ps pulses at 9MHz) used in these experiments. For a full 33% RZ signal the relative strength of the sidebands would be increased by about 40dB. Figure 4 shows the resultant signal after filtering by the TBF's as well as the FBG. We were able to demonstrate wavelength conversion over a 15 nm range using 20.8dBm of CW probe power and 5.5dBm of average pump power (both incident on the sample). This corresponds to a peak pump power in the waveguide of about 20W. Note that the signal/noise in Fig 4. would also be improved by 40dB with the use of a high duty cycle signal. Figure 5 shows the converted output pulses in time as measured with the sampling oscilloscope.
Results and Discussion
Also shown is a reference trace with the probe turned off. Although the pulsewidth in this Figure 5 is limited by the oscilloscope bandwidth of 30GHz, we have also obtained FROG measurements that show the phase and amplitude integrity of the pulse in both the time and frequency domains is maintained. Because of the short waveguide length, pump/probe walkoff as well as pulse dispersion were not a limiting factor in device performance. Figure 6 shows the amplitude and phase in the frequency domain of the output pulses as measured by frequency resolved optical gating (FROG) showing that the pulses undergo very little distortion and are very nearly transform limited, with low residual chirp. Figure 7 shows the corresponding data for the pulse in the time domain.
Our ultimate goal is to demonstrate fully integrated devices employing integrated Bragg grating filters, as was reported for the integrated 2R optical regenerator. For wavelength conversion based on XPM, however, the filter requirements are considerably more demanding than that for 2R regeneration. We do not envisage any fundamental road-blocks to achieving this however, and this work is currently in progress.
Conclusions
We demonstrate all optical wavelength conversion for the first time in chalcogenide glass rib waveguides using cross phase modulation followed by optical filtering. We show conversion over a wavelength range of 10nm using 6ps pulses from a modelocked laser near 1550nm. These results represent a significant step in the drive to develop all-optical signal processing integrated circuits for ultra high bandwidth applications. 
